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The simultaneous high resolution and accurate mass measurements possible with Fourier
transform ion cyclotron resonance mass spectrometry coupled with the gentle ionization of
electrospray hold attractions for protein, peptide, and oligonucleotide characterization,
including multistage-mass spectrometry measurements for assignment of fragment masses
and greater confidence in structural measurements. The detection of cyclotron motion over
extended periods of time (in some cases for several minutes) allows higher resolution and mass
accuracy. Generally, signal duration has been considered to be limited primarily by back-
ground pressure, with ion–neutral collisions leading to the reduction and dephasing of
cyclotron motion, causing signal loss. However, recent theoretical work has shown that the ion
cloud stability that is a prerequisite for high performance measurements is highly dependent
on the electric field generated by the ion cloud, thus giving rise to a minimum number of
charges or ions required for extended time-domain signals. The effects of ion population on ion
cloud stability and signal duration, and the subsequent effects on resolution and measured
isotopic abundances are reported. Individual time-domain signals for bovine insulin isotopic
peaks were extracted to allow a comparison of the damping rates for each of these ion clouds
and the measured time-domain amplitude maxima are shown to provide a better match with
the theoretically predicted isotopic abundances for insulin. These results show that different
damping rates of ions of very similar mass, but different ion cloud population sizes, can have
dramatic effects on the observed isotopic patterns. Additionally, more accurate, high resolu-
tion spectra can be produced by correcting for the effects of the different damping rates that
are observed for different ion population sizes. (J Am Soc Mass Spectrom 1998, 9,
799–804) © 1998 American Society for Mass Spectrometry
Fourier transform ion cyclotron resonance massspectrometry (FTICR-MS) is becoming increas-ingly useful for high resolution and precise mass
measurements of biomolecules, with potential for ex-
tending to the MDa range [1–3]. The high resolving
capabilities of FTICR allow the analysis of mixtures
containing many species of nearly the same nominal
molecular weight, whereas the high precision afforded
by FTICR is important for elemental mass determina-
tions of smaller species and for constraining assign-
ments for larger species [4–6]. Also, resolution of the
isotopic envelope for larger biopolymers enables direct
charge-state determination (by taking the reciprocal of
mass-to-charge ratio separation between adjacent isoto-
pic peaks, assumed to be because of one Dalton mass
differences) [7]. ICR is currently the only type of mass
spectrometry capable of achieving this level of resolu-
tion and mass accuracy simultaneously, without sacri-
ficing sensitivity. This factor, combined with the ion
storage capability that promotes multistage mass spec-
trometry and reactivity studies, makes FTICR a highly
flexible tool capable of addressing many different types
of problems [8–11].
FTICR achieves its high level of performance because
of the unique ion detection mechanisms employed [12].
The ions are first collected in an ion trap at the center of
a uniform magnetic field where they are then excited to
larger cyclotron orbits by the application of an rf electric
field at the ion’s cyclotron frequency. Ions with a
velocity component perpendicular to a uniform mag-
netic field will move in a circular orbit, with each ion of
a given mass-to-charge ratio orbiting at a specific cyclo-
tron resonance frequency. Under normal conditions,
separate clouds of ions are formed during excitation,
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each of which contains ions of the same, or very similar,
mass-to-charge ratio. As an ion cloud moves in its
respective cyclotron orbit, an oscillating current is in-
duced between the two detection electrodes at that
cloud’s cyclotron frequency. The image currents are
converted to oscillating voltages, amplified, digitized,
and stored as a time-domain signal containing the
orbital frequencies of all the ion clouds present in the
cell. The time-domain signal is then Fourier trans-
formed into its frequency domain, after which a mass
spectrum can be produced [13]. To make a mass deter-
mination, cyclotron frequencies of these orbiting clouds
are measured over a selected detection interval, with
longer time-domain signals providing less uncertainty.
In principle, longer time-domain signals provide
more highly resolved and precise mass measurements.
However, many factors can affect the achieved perfor-
mance. For example, ion clouds can experience shearing
forces because of perturbations in electric potential
inside the FTICR cell. Such perturbations may be
brought about by the electric fields generated by ion
clouds at different mass-to-charge ratios, or by imper-
fections of the FTICR cell, resulting in cyclotron fre-
quency shifts that reduce resolution, mass accuracy,
and sensitivity [14–17]. A key problem that can arise in
such cases is that the relative abundances indicated by
the isotopic peaks might not match the actual theoreti-
cal distribution based upon the expected isotope con-
tent of the analyzed sample, 13C, 15N, 2H, etc. Several
factors can lead to incorrect distribution profiles, in-
cluding mass-to-charge ratio or frequency-dependent
shifts, although the corrections of such shifts for com-
plete isotopic envelopes shows that the functional form
of the shift typically does not vary significantly across
the envelope [14]. However, additional deviations be-
cause of distinct signal decay rates arising from differ-
ent abundances of the ion clouds making up the isoto-
pic distribution can have significant effects on the
observed peak magnitudes.
The need for more accurate ion abundance measure-
ments was recognized in earlier work by Nibbering and
co-workers [18] who showed with segmented FT meth-
ods that different species detected under identical con-
ditions could exhibit different signal decay rates. Their
work showed that, under conditions that presumably
produced a constant number of ions, the signal decay
rates of each species observed with segmented FT
methods were inversely proportional to the number of
each species. Their approach was useful for the case
presented since segmenting the entire time-domain
signal into smaller pieces still allowed the resolution of
the two species of interest. For the present study involv-
ing larger biomolecules, more specifically, the observa-
tion of the different damping rates of various isotopic
species where the cyclotron frequencies differ by less
than 10 Hz, segmented FT methods are not feasible.
Segmenting the time domain into pieces small enough
to allow accurate damping rate definition necessarily
lowers the resolution observed in the resulting seg-
ment-FT’d mass spectra, making problematic the dis-
tinction between different isotopic species for larger
biomolecules. Therefore, methods based on FT filtering
have been developed since this approach is less com-
putationally intensive, allows extraction of each time
domain of interest, and yet preserves both maximum
time-domain and frequency-domain resolution.
Ion cloud stability has been shown to be due to E 3
B drift, which results in ion rotation about the cloud
center for ions below a relative critical escape velocity.
This is essentially the same phenomenon displayed
when ion clouds of closely spaced mass-to-charge ratio
coalesce, provided that they have small relative veloci-
ties and are in spatial proximity [19, 20]. An ion cloud’s
rotation, or the rotation of two or more ion clouds as a
single entity, is brought about by the superposition of
the electric fields of ions within a cloud acting on each
individual ion. Stability is thus related to the magnitude
of an ion cloud’s electric field because increases in the
rotational frequency provide resistance to shear forces
and an increased ion escape velocity. Clouds that con-
tain the greater number of ions will tend to have higher
charge densities and stability, compared with less pop-
ulated ion clouds. Smaller ion clouds are more suscep-
tible to break up because of shear forces, including
those arising from adjacent clouds. The magnitude of
signal decay effects is therefore anticipated to be great-
est for clouds containing the smallest number of ions,
corresponding to weaker signals than predicted from a
theoretical distribution. This population-dependent
damping effect is independent of pressure-dependent
collisional damping, where rates of signal decay would
be related to ion structure or cross section [18], but not
to the size or density of an ion cloud. This paper focuses
on these effects for high resolution spectra of the
protein, bovine insulin, and demonstrates improved
measurement of isotopic magnitudes based on the
extraction of time-domain signals for each isotope. It
should be noted however, that although this method
does present a more precise representation of the iso-
topic distributions present in the cell, it does not cir-
cumvent the limitations arising from natural isotopic
ratio variance as discussed by Beavis [21] and Zubarev
and Demirev [22]. Natural variation in isotopic abun-
dances can limit the utility of precise distribution char-
acterization, and although these issues are somewhat
beyond the scope of the present manuscript, the reader
should be made aware of the inherent limitations of
such measurements.
Experimental
A high resolution ESI-FTICR-MS spectrum of bovine
insulin showing both the 41 and 51 charge states was
used for the investigation of signal decay rates pre-
sented here. The acquisition parameters of the spectrum
data file include a sampling rate of 136 kHz, a low m/z
of 1023.5, a bandwidth of 100 kHz and 5.7 million data
points. The ions were generated by electrospray ioniza-
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tion (ESI) with the sample dissolved at a concentration
of 1 mg/mL in 5% acetic acid. The FTICR mass spec-
trometer employed for data collection has been de-
scribed in detail elsewhere [23].
Data manipulation was done with Microsoft Excel
and our own custom data analysis software package,
ICR-2LS [24]. To investigate and correct for the effects of
various cyclotron signal loss rates in the spectrum, the
entire time-domain signal was Fourier transformed and
converted into a mass spectrum. From the mass do-
main, individual isotopic peaks were isolated and the
corresponding mass-to-charge ratio values were inverse
transformed into their individual time-domain signals.
Techniques involving digital signal filtering with the
Fourier transform and the inverse Fourier transform are
already well established [25]. The extraction process
used ICR-2LS to select mass-to-charge ratio peaks above
a magnitude threshold and within an arbitrary interval
of data points, outside of which all other data points
were set equal to zero. For both the 41 and 51 charge
states of insulin, a threshold of 4% and extraction
window of 40 data points were used. Retaining the
same number of nonzero data points in each selected
isotopic envelope prior to inverse Fourier transforma-
tion allowed direct comparison between the resulting
time-domain signals. The maxima of the extracted time-
domain signals for the isotopic peaks of a given charge
state were then exported to the Excel spreadsheet and
normalized. This produced relative magnitudes for the
isotopic components that were independent of signal
decay rates and could be directly compared to the
relative magnitudes of the theoretical distribution. Such
measurements should provide a more accurate indica-
tion of relative isotopic magnitudes, because the stabil-
ity issues arising from the different population sizes
encountered with isotopic distributions are circum-
vented. The relative isotopic contributions from the raw
spectra of the charge states were obtained in a similar
manner by normalizing the magnitudes of the isotopic
peaks. A theoretical mass spectrum was generated with
Mercury [26] (now a module within ICR-2LS) as an
isotopic distribution based upon the molecular formula
of bovine insulin and its expected isotope content. The
corrected spectra were then compared with both the
theoretical distribution and the distribution given by
the raw spectra.
Results and Discussion
Figure 1 shows a portion of a high resolution ESI-FTICR
mass spectrum of the 51 charge state of bovine insulin.
Also shown in this figure are the extracted time-domain
signals for three of the isotopic peaks in this distribu-
tion. Different signal decay rates were observed for each
isotopic peak in this distribution. The same was ob-
served for the 41 charge state distribution. The most
abundant isotopic peaks seem to exhibit the slowest rate
of signal decay in both charge states examined, as is
indicated in Figure 2. The time-domain signal for the
51 charge state is shown, with the first and last five
seconds of the time-domain signal transformed into
mass spectra. The earlier spectrum has relative peak
magnitudes showing good agreement with the theoret-
ical distribution, as indicated by a correlation of 0.996.
The later spectrum is strikingly different and clearly
shows that damping rates varied considerably across
the isotopic envelope; some peaks are barely observable
above the noise threshold and a correlation of 0.756
Figure 1. Extracted time-domain signals for individual isotopic peaks from the 51 charge state of
bovine insulin. The differences in signal damping vary with the abundances of the isotopic species.
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with the theoretical distribution was obtained. We
attribute these rate differences as being reflective of
differences in ion cloud stability because of different
population sizes. These results show for the first time
that ions with very nearly the same mass and the same
structure can have significantly different signal decay
rates. Differing signal decay rates might be expected for
unlike charge states that could potentially have differ-
ent structures, and thus, collisional frequencies. How-
ever, it seems highly unlikely that ions differing only in
the substitution of a 13C for a 12C would have substan-
tially different molecular shapes for species with
roughly 254 carbon atoms. Thus, different damping
rates as a result of the different collisional cross sections
are not expected to be significant in the comparison for
a single charge state isotopic envelope. Because the
predominant difference between the different isotopic
peaks seems to be the population size, ion cloud stabil-
ity is the likely cause of the different damping rates.
The three normalized sets of data used in analysis
were from the original spectral peak heights, the max-
ima from the extracted time-domain signals of each
peak, and the peaks of the theoretical distribution. It
should be noted that root mean square (rms) values (a
standard amplitude measurement for sinusoidal sig-
nals) were also compared for the first 1.3 s of time
domain data for each extracted time-domain signal.
Since negligible differences were observed between this
approach and that based on the measurement of the
maxima of extracted time-domain signals, maxima
measurement was employed for the present study.
Comparison of the data sets numerically shows a much
higher correlation between the extracted time-domain
maxima and the theoretical distribution than between
the corrected and original peaks, as illustrated in Figure
3. For the 51 charge state ions, the correlation between
the extracted time-domain maxima and the theoretical
isotope distribution is 0.998, whereas the correlation
between the raw mass spectrum (obtained by trans-
forming the complete time-domain signal) and the
theoretical distribution is 0.988. Analysis of signals for
41 charge state ions showed similar results; the corre-
lation between the extracted time-domain maxima and
the theoretical isotope distribution is 0.998, whereas
that between the raw mass spectrum and the theoretical
distribution is only 0.948. Again, the differences in
correlation between the experimental and theoretical
isotope distributions for the 41 and 51 charge states
are likely because of issues of ion cloud stability.
However, the peak magnitudes for the 51 charge state
range from two to three times those of the 41 charge
state. The greater relative ion population indicated by
higher magnitudes implies that ion clouds containing
the isotopic species of the 51 charge state will have
higher charge densities and rotational frequencies.
Also, the smaller frequency differences between adja-
cent isotopic peaks of the 41 charge state would also
bring about greater perturbation and destabilization of
Figure 2. Mass spectra obtained from the initial and final 5-s intervals of the 51 charge state transient
of bovine insulin show the effects of population-dependent signal decay. The top left spectrum,
produced from the first 5 s of the transient, contains relative peak magnitude information even for
lower relative abundance isotopic species. The top right spectrum, from the final 5 s of the transient,
shows that the lower abundance peaks are virtually indistinguishable above the noise threshold
because of the more rapid signal decay of these ions.
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ion clouds because of smaller relative angular veloci-
ties. Both these two factors should result in greater ion
cloud stability for the lower mass-to-charge ratio, more
abundant 51 charge state ions and thus produce better
agreement of the raw peak magnitudes with the theo-
retical isotopic distribution.
Overlaying plots of the data sets graphically, shows
the improvement in measured isotopic abundances
achieved by utilizing the maxima of the extracted
time-domain signals for each isotopic species. All time-
domain signal maxima show improved correlation with
the theoretical distribution relative to the peaks of the
raw spectrum. Interestingly, the greatest deviation of
the raw spectral data from theoretical occurs for the low
frequency or high mass-to-charge ratio peaks of the 41
charge state distribution (peaks higher in mass than the
most abundant isotope peak), whereas for the 51 the
greatest deviation occurs with the higher frequency or
lower mass-to-charge ratio peaks. Nonetheless, the data
shown in Figure 3 demonstrate that a much better
measure of the contribution of each isotopic species can
be obtained by extraction of each individual isotopic
time-domain signal.
Accurate assessment of relative isotopic magnitudes
has potential applications to the spectra of molecules
from which it may currently be difficult or impossible
to obtain some types of information. For example, in a
compound containing many isotopic species it may be
difficult to discern the mono-isotopic peak above the
noise threshold, or to calculate the average molecular
weight, simply defined as the average of each isotopic
contribution, weighted by its relative peak height. Thus,
accurate identification of the mono-isotopic species or
average molecular weight of larger biomolecules re-
quires precise definition of the isotopic envelope, both
in frequency and relative magnitude, since in both
cases, some mathematical fitting of the envelope is
likely to be required, e.g., averagine [27]. Isotopic enve-
lopes skewed by different damping rates can produce
misleading results. These results further suggest that
attempts to derive ion collisional frequencies from
observed damping rates should determine that such
effects are insignificant for the systems studied. How-
ever, improving relative magnitudes for the distribu-
tions of isotopic envelopes via time-domain extraction
will provide an improved basis for correlating experi-
mental spectra with theoretical distributions and deter-
mining average and monoisotopic masses with greater
certainty.
Conclusions
FTICR time-domain signals contain all the requisite
information to provide accurate, high resolution mass
measurements, as well as correct relative isotopic abun-
dances. We have shown that long time-domain signals
can display different signal decay rates for different
isotopic species of very similar mass-to-charge ratio.
Although the effect of decay rate on resolution or
accuracy may be negligible in some cases, the effect on
relative isotopic abundances can be significant, partic-
ularly as molecular weight increases, and can lead to
significant errors in average molecular weight measure-
ments or any other measurement that utilizes isotopic
abundance information. The amplitude maxima for all
frequencies contained in the time-domain signal occur
at the initial time of measurement, before damping has
any noticeable effects. The maximum of the time-do-
main signal for each peak can be isolated from an
experimental mass spectrum and normalized to yield
more accurate assessment of relative isotopic abun-
dances. This method of correcting peak magnitudes
with the measured initial time-domain signal maxima is
effective because the different signal damping rates for
each ion cloud and subsequent effects on peak ampli-
tude are essentially removed from the isotopic enve-
lope. Importantly, the full time-domain signal is still
available to be used for high resolution, accurate mass-
to-charge ratio measurements, but amplitude informa-
Figure 3. Demonstration of the improved relative isotopic abun-
dances using the maxima of extracted time-domain signals for
isotopic peaks. Diamonds represent the corrected relative abun-
dances as measured from the extracted time-domain signal max-
ima, filled squares indicate the normalized peak heights of the
uncorrected (raw) mass spectrum, and triangles show the peaks of
the theoretical isotope distribution generated with mercury. (a) 51
charge state of bovine insulin. (b) 41 charge state of bovine
insulin.
803J Am Soc Mass Spectrom 1998, 9, 799–804 IMPROVED ISOTOPIC ABUNDANCES IN FTICR MS
tion should be taken in the absence of the convoluting
effects resulting from differing ion cloud stabilities.
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